Spatial patterning specifies neural progenitor identity, with further diversity generated by 12 temporal patterning within individual progenitor lineages. These mechanisms generate cardinal 13 classes of motor neurons (sharing a transcription factor identity and common muscle group 14 targets). In Drosophila, two cardinal classes are Even-skipped (Eve)+ motor neurons projecting 15 to dorsal muscles and Nkx6+ motor neurons projecting to ventral muscles. The Drosophila 16 neuroblast 7-1 (NB7-1) lineage generates distinct Eve+ motor neurons via the temporal 17 transcription factor (TTF) cascade Hunchback (Hb)-Krüppel (Kr)-Pdm-Castor (Cas). Here we 18 show that a newly discovered Kr/Pdm temporal identity window gives rise to an Nkx6+ Eve-19 motor neuron projecting to ventral oblique muscles, resulting in alternation of cardinal motor 20 neuron subtypes from a single progenitor (Eve>Nkx6>Eve). We show that co-overexpression of 21 Kr/Pdm generates ectopic VO motor neurons within the NB7-1 lineage and that Kr/Pdm act via 22 Nkx6, which itself is necessary and sufficient for VO motor neuron identity. Lastly, Nkx6 is 23 required for ventral oblique muscle targeting, thereby linking temporal patterning to motor 24 neuron morphology and synaptic target selection. In conclusion, we show that one neuroblast 25 lineage generates interleaved cardinal motor neurons fates; that the Kr/Pdm TTFs form a novel 26 temporal identity window that promotes expression of Nkx6; and that the Kr/Pdm>Nkx6 27 pathway is necessary and sufficient to specify VO motor neuron identity and morphology. 28 29 Introduction 30 31
labeled all U1-U5 dorsal muscle targets plus ventral oblique muscles in a majority of 128 hemisegments ( Figure 2B , C; 54/93 hemisegments). These data are consistent with the 129 Nkx6+Eve-motor neuron in the NB7-1 lineage projecting to ventral oblique muscles, but 130 without single neuron labeling we can't make a conclusive match. 131 To visualize the morphology of individual motor neurons in the NB7-1 lineage, we used 132 multicolor flipout (MCFO) (Nern et al., 2015) within the NB7-1 lineage (see methods for full 133 genotype). We used NB7-1-gal4 UAS-GFP to label all neurons in the lineage, FasII to detect all 134 motor axons and their muscle targets, and individual HA+ neurons using MCFO ( Figure 3A-135 A'''). As expected, full lineage labeling revealed innervation of ventral oblique muscles via ISNd. 136 In addition, HA labeling identified individual motor neurons that specifically targeted the ventral 137 oblique muscles via ISNd. This motor neuron had an ipsilateral dendritic process that 138 approached the midline ( Figure 3A') , indistinguishable from the previously identified MN17 that 139 innervates the ventral oblique muscles (Landgraf et al., 2003) . Thus, we call the 140 Kr+Pdm+Nkx6+ motor neuron in the NB7-1 lineage the "VO motor neuron" henceforth. 141 We next wanted to determine whether the Nkx6+ VO motor neuron and the Eve+ U1-142 U5 motor neurons have distinctive dendritic morphology or premotor innervation, as expected 143 based on their distinctive axon targeting to different muscle groups. We repeated the MCFO 144 experiment in newly hatched larvae so we could identify VO motor neuron morphology in a 145 recently described TEM atlas of all abdominal motor neurons performed in newly hatched 146 larvae (Zarin et al., 2019) ( Figure 3A-B'') . We identified the NB7-1 VO motor neuron in the TEM 147 volume based on its characteristic CNS projections and cell body position between U3 and U4 148 (compare Figure 3B and 3C) . Interestingly, VO and U3/U4 motor neurons had different dendrite 149 projections ( Figure 3C) , as well as different postsynapse locations ( Figure 3C '', C''').
150
Furthermore, they had distinctive premotor inputs: the top three inputs to VO are A27h, A06c,
151
A18b2 interneurons whereas the top three inputs to U3/U4 are A31k, A18a, and A31b 152 interneurons (Zarin et al., 2019) . We conclude that the NB7-1 lineage produces two cardinal 153 classes of motor neurons: dorsal projecting Eve+ motor neurons and a ventral projecting 154 Nkx6+ VO motor neuron, each with distinct morphology and connectivity.
156
Overexpression of Kr/Pdm generates ectopic Nkx6+ VO motor neurons Doe, 2003; Tran and Doe, 2008) . We conclude that Kr/Pdm TTFs are sufficient to induce Nkx6+ 171 motor neuron identity beginning with the fourth division of the NB7-1 lineage. 172 We next asked whether Kr/Pdm co-expression delays production of the later-born Eve+ 173 U4-U5 motor neurons until after birth of the ectopic VO motor neurons (lineage extension 174 model), or replaces the Eve+ U4-U5 motor neurons with ectopic VO motor neurons (conversion 175 model). Both outcomes have been observed following misexpression of other temporal 176 transcription factors (Kohwi et al., 2013; Meng et al., 2019; Pearson and Doe, 2003; Seroka 177 and Doe, 2019). We overexpressed Kr/Pdm in the NB7-1 lineage (NB7-1-gal4 UAS-Kr UAS-178 Pdm UAS-GFP), or more broadly (en-gal4 UAS-Kr UAS-pdm) and assayed the fate of the Eve+ 179 U1-U5 motor neurons. In controls, we always observed five Eve + U1-U5 motor neurons, 180 including two U4/U5 motor neurons (Figure 4D, G; quantified in 4F, J) . In contrast, Kr/Pdm 181 overexpression led to a loss of the Runt+ U4/U5 motor neurons ( Figure 4E ,H; quantified in 182 4F,J). We conclude that overexpression of Kr/Pdm in the NB7-1 lineage generates ectopic 183 Nkx6+ VO motor neurons at the expense of the later-born U4/U5 motor neurons, supporting 184 the conversion model (summarized in Figure 4K ). ISNd to the ventral oblique muscles. To conclusively show that multiple ectopic VO motor 199 neurons target the ISNd, we used MCFO to express HA and V5 on different neurons within the 200 NB7-1 lineage. Following Kr/Pdm overexpression specifically in the NB7-1 lineage, we 201 identified NB7-1 lineages with distinct HA+ and V5+ motor neurons that projected via ISNd to 202 the ventral oblique muscles ( Figure 5D ). Importantly, both HA+ and V5+ VO motor neurons 203 showed specific targeting to the ventral oblique muscles. We conclude that overexpression of (Broihier et al., 2004; Cheesman et al., 2004) . Thus, we asked if Nkx6 is necessary 215 or sufficient to specify VO motor neuron identity. In wild type, NB7-1-gal4 always detects the 216 U1-U5 Eve+Zfh1+ motor neurons and a single Nkx6+Zfh1+ VO motor neuron ( Figure 6A ).
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When we use NB7-1-gal4 to drive expression of UAS-Nkx6, we detect a loss of U3-U5 Eve+ 218 motor neurons and the production of ectopic VO motor neurons based on molecular marker 219 expression ( Figure 6B ; quantified in 6E). Conversely, when we use NB7-1-gal4 to drive 220 expression of UAS-Nkx6-RNAi, we detect a loss of the Nkx6+Zfh1+ VO motor neuron and the 221 production of a single ectopic "U3.5" Eve+Zfh1+ motor neuron ( Figure 6C ; quantified in 6E).
222
We conclude that Nkx6 is necessary and sufficient for specifying the molecular identity of the 223 VO motor neuron in the NB7-1 lineage. 224 We next asked whether Nkx6 was necessary and sufficient to generate VO motor 225 neurons that correctly target the ventral oblique muscles. In wild type, NB7-1 always generates 226 a motor neuron that exits the ISNd and targets ventral oblique muscles ( Figure 6F ; volume of 227 ISNd projections quantified in 6K). Overexpression of Nkx6 in the NB7-1 lineage generates a 228 more robust FasII projection in the ISNd and a corresponding increase in NB7-1 lineage 229 projections into ISNd ( Figure 6G ; quantified in 6J, S2C). Importantly, the same phenotype is 230 observed when individual neurons within the NB7-1 lineage are uniquely labeled by MCFO, 231 showing that multiple neurons in the lineage are exiting via ISNd ( Figure 6H ). Conversely, when 232 we use NB7-1-gal4 to drive expression of UAS-Nkx6-RNAi, we detect a loss of ISNd 233 projections in the NB7-1 lineage ( Figure 6I ; compare to 6F, S2D). We conclude that Nkx6 is 234 necessary and sufficient to generate VO motor neurons in the NB7-1 lineage. Moreover, our mammals, progenitors generate neurons first, followed by glia (Kohwi and Doe, 2013); we know 256 of no examples of neuron>glia>neuron production from a single lineage. Similarly, Drosophila 257 central brain neuroblast lineages produce the mushroom body γ neurons, then α'/ β' neurons, 258 and lastly α/β neurons, with no evidence for alternating or interspersed fates (Lee et al., 1999) .
259
In the abdominal NB3-3 lineage, the early-born cells are in a mechanosensitive circuit, whereas the Eve+ U2 motor neuron (data not shown), but in these neurons it has no effect on Eve 281 expression, nor does it promote targeting to ventral oblique muscles. There appears to be a 282 mechanism to block endogenous or overexpressed Nkx6 function in the early lineage of 283 neuroblasts producing Eve+ motor neurons. The mechanism "protecting" early-born Eve+ Nkx6.1/Nkx6.2 show early expression throughout the pMN domain; mice mutant for both Nkx6 295 family members lack most somatic motor neurons; and Nkx6.1 overexpression in chick or 296 zebrafish can induce ectopic motor neurons (Briscoe et al., 2000; Cheesman et al., 2004;  are required to suppress a specific motor neuron identity, similar to the antagonistic 299 relationship between Nkx6 and Eve in Drosophila. 300 Neuroblasts in all regions of the Drosophila CNS (brain, ventral nerve cord, optic lobe) 301 use TTF cascades to generate neuronal diversity (Allan and Thor, 2015; Doe, 2017; Holguera 302 and Desplan, 2018; Miyares and Lee, 2019), yet less is known about TTF target genes. We 
Methods
In order to generate a reliable volume metric for determining changes to the size of the ISNd nerve,
368
FasII staining was used to identify SNc in a 3D IMARIS volume of the confocal image stack in 369 order to normalize for variance in embryonic age and development. SNc was chosen to normalize 370 against as we observed it to be unaffected by our genetic manipulations. Default parameters were 371 used to generate a surface over the FasII channel labeling SNc and ISNd respectively, generating 372 precise volume measurements. We then used these volume measurements to generate a 373 ISNd/SNc ratio which was used for statistical analysis (see Supplemental Figure 1 ). This metric 374 exhibited low variance across the wildtype controls, allowing for accurate comparison to 375 genetically manipulated embryos. 
